Abstract . Yeast mutants of cell cycle gene cdc481 arrest as large budded cells with microtubules spreading aberrantly throughout the cytoplasm from a single spindle plaque . The gene was cloned and disruption proved it to be essential . The CDC48 sequence encodes a protein of 92 kD that has an internal duplication of 200 amino acids and includes a nucleotide binding consensus sequence. Vertebrate VCP has a 70% identity over the entire length of the protein . Yeast Secl8p and mammalian N-ethylmaleimide-sensitive fusion protein, which are involved in intracellular transport, yeast Paslp,
which is essential for peroxisome assembly, and mammalian TBP-1, which influences HIV gene expression, are 40% identical in the duplicated region . Antibodies against CDC48 recognize a yeast protein of apparently 115 kD and a mammalian protein of 100 kD. Both proteins are bound loosely to components of the micro somal fraction as described for Secl8p and N-ethylmaleimide-sensitive fusion protein . This similarity suggests that CDC48p participates in a cell cycle function related to that of N-ethylmaleimide-sensitive fusion protein/Secl8p in Golgi transport . a dissociation of Secl8p or NSF from the vesicles in cell extracts. Secl8p can substitute for NSF in an in vitro transport system derived from hamster cells (Wilson et al ., 1989) . Comparisons of their protein sequences as deduced from DNA sequences reveal a 45.2 % identity. Both proteins contain two potential nucleotide binding sites .
The binding of NSF to Golgi membranes requires another soluble protein (SNAP) and a membrane receptor. This process appears to be stoichiometrical for these three components (Weidmann et al ., 1990) . SEC] 7appears to code for a yeast SNAP analogue . Cytosol from sec17 mutants were inactive in the in vitro transport system, but can be complemented to function by addition ofbovine cx-SNAP (Clary et al ., 1990) . Genetic evidence confirmed a close interaction of the SEC17 and SEC18 gene products (Kaiser and Schekman, 1990) .
A vertebrate protein called VCP (valosine-containing protein) has recently been described . It was first detected in different porcine tissues by specific antibodies. Its gene was cloned and sequenced by Koller and Brownstein in 1987. Peters et al . (1990) detected its Xenopus laevis equivalent which has a 96% sequence identity to porcine VCP as deduced from a partial DNA sequence. It has been characterized as a homooligomeric protein of 14-15S with NEMinhibitable ATPase activity. A considerable degree of se-quence identity to Sec18p and NSF was reported . In contrast to Secl8p and NSF, the X. laevis VCP does not seem to be associated with vesicles and remains mainly in the supernatant when centrifuged at 100,000 g. Cell fractionation and immunofluorescence studies show VCP to be localized in both nucleus and cytoplasm .
The yeast cell division cycle gene CDC48 has been characterized by a cold sensitive (cs) conditional mutant (cdc481) and four temperature sensitive pseudorevertants . At the restrictive temperature, the cdc48-1 mutant arrests as large budded cells with the nucleus located in the neck between the mother-and daughter cells .
We report the isolation and sequencing of CDC48 and show that it belongs to the same multigene family as SEC18 and the NSF and VCP genes. It appears to be the yeast homologue of the VCP gene. The CDC48 gene product, designated CDC48p, and an immunologically related mammalian protein were localized by cell fractionation . The structural and evolutionary relationship of the members of this multigene family which includes PAS], a member which is essential for the assembly of yeast peroxisomes (Erdmann et al., 1991) , and TBP-1, a human protein that suppresses the tatinduced gene expression of human immunodeficiency virus (HIV; Nelbock et al ., 1990 ) is discussed .
Materials and Methods

Materials
All enzymes and fine chemicals used for molecular biology were obtained from Boehringer GmbH (Mannheim, FRG) . The pUC sequencing kit, and the DIG DNA labeling and detection kit from Boehringer were used for DNA sequencing and Southern hybridization, respectively. Tunicamycin was from Sigma Chemical Co . (St . Louis, MO) . Marker proteins for gel filtration were bovine thyroglobulin and horse spleen apoferritin from Sigma Chemical Co., and bovine catalase, yeast alcohol dehydrogenase, and horse cytochrome c from Boehringer GmbH . For SDS electrophoresis, marker kit 30,000-200,000 and prestained kit 27,000-180,000 from Sigma Chemical Co. were used . Molecular weights were calculated by using the marker kit proteins as the only molecular weight standards . BactoTryptone and yeast extract were from Difco Laboratories (Detroit, MI), and the buffer components from Merck (Darmstadt, FRG) . All chromatographic media were obtained from Pharmacia Fine Chemicals (Freiburg, FRG), except for Celite 535 (Serva, Heidelberg, FRG), and hydroxyapatite, which was prepared as described by Bernardi (1971) .
Rat livers were isolated from male white Sprague-Dawley rats of 200-300 g weight and perfused as described by Gebhardt and Jung (1982) . Fresh porcine livers were obtained from the local slaughterhouse (Tiibingen, FRG) .
Strains, Plasmids, Genetic and Molecular Biological Methods
The haploid yeast mutant DBY2030 (MATa ade2-101 lys2-801 ura3-52 cdc48-1) was used for cloning and immunological investigation . Strain DBY877 (MATahis4-619) was used as a wild type for immunological investigation, cell fractionation, and protein purification . Gene disruption was performed in strain DBY5460 (MATaIMATaade2-1011ADE2 lys2-8011lys2-801 leu2-3,1121LEU2 trp1AITRPl ura3-521ura3-52 cdc48-1/CDC48) .
Yeast media and genetic manipulations were as described by Sherman et al . (1974) . Cold sensitive mutants were arrested by incubation at 14°C for 14 h . For expression studies of the GAL10 promoter, cells were grown on 0.66% yeast nitrogen base (Difco Laboratories) supplemented with 20 mg histidine/liter containing 4% galactose or 4% lactate as the carbon source for 20 h . For inhibition of N-glycosylation, 190 ng/ml tunicamycin was added to yeast cultures growing exponentially on YEPD, and the cells harvested after 3 .5 h .
Plasmid YEp52 is described by Broach et al . (1983) . Construction and
The Journal of Cell Biology, Volume 114, 1991 application of transposon mini Tn10-LUK has been described (Huisman et al ., 1987) . Expression experiments with the T7 polymerase/promoter systems were performed with vector pT7-6 as described by Tabor and Richardson (1985) . For the construction of fusions with the E. coli trpE gene, different fragments from the essential region of CDC48 were cloned as EcoRI-XbaI, EcoRV-XbaI, EcoRI-HindIII, and EcoRV-HindIII fragments into different pATH vectors (Dieckmann and Tzagoloff, 1985) . Gene fusions in the correct reading frame were identified by their accumulation of insoluble protein detected on SDS PAGE gels . CDC481trpE fusion proteins were prepared for immunization as described by Haarer and Pringle (1987) , purified by SDS PAGE, detected by incubation of the gels with 0.25 M KCI, and electroeluted .
The lithium acetate procedure (Ito et al ., 1983) was applied for yeast transformation using sonicated chicken blood DNA as a carrier. For the cloning of the CDC48 gene, strain DBY2030 was transformed with 20 kg of the yeast genomic library constructed in vector YCp50 by Rose et al . (1987) . Transformants were selected on minimal plates lacking uracil at 30°C, replica plated and incubated at 16°C . For DNA hybridization (Southern, 1975 ) * the DIG DNA labeling and detection kit from Boebringer was used as described by the manufacturer. A 0.66 kbp EcoRI fragment that contains the promoter region and 510 by of the ORF of CDC48 was used as a probe against isolated total yeast DNA digested with EcoRI, HindIll, Sall, or XbaI, and against whole yeast chromosomes separated by orthogonal field gel electrophoresis (OFAGE) as described by Carle and Olson (1985) . For gene disruption, the 1,170-bp CIaI fragment containing the first 940 by of the CDC48 ORF was replaced by a URA3 gene on a HindIII fragment after filling in all ends with the Klenow fragment of DNA-polymerase I . 10 kg of the HindIII fragment containing the disrupted CDC48 gene (corresponding to fragment C in Fig . 2 ) were transformed into strain DBY5460 and uracil auxotrophs selected . Alternately, 10 Ag of a Bg1II fragment covering the upstream part of CDC48 and containing a rniniTnIO-LUK insertion 200 by upstream of the EcoRl-site inside the CDC48 ORF were used for gene disruption . For confirmation of the disruption, total yeast DNA was digested with Pstl and hybridized with a 1,040-bp EcoRI-HindIII fragment adjacent to the HindIII-fragment containing CDC48. The CDC48 ORFcassette was constructed as a HindIII fragment by cutting and filling in a Hinfl site 40 by upstream of the CDC48 start codon . 8-bp Hindfll linkers were ligated to this site and a Dral site 26 by downstream from CDC48. Both ends ofthe construct were confirmed by DNA sequencing. For expression in yeast, the cassette was ligated into YEp52 and transformed into a diploid yeast carrying a CDC48 gene disrupted with URA3. After sporulation, segregants were grown on YEP containing 4% galactose.
For DNA sequencing, restriction fragments of the CDC48 genomic region were subcloned in pUC18 and pUC19. Sequencing was conducted essentially as described by Sanger et al . (1977) using the pUC sequencing kit from Boehringer. All parts were sequenced at least three times from different clones, 85% on both strands.
Related sequences were searched for in the Dayhoff database using the FASTP algorithm of Lipman and Pearson (1985) .
Immunological and Electrophoretical Techniques
Immunization of rabbits and preparation of sera were performed as described in Frohlich et al . (1989) using 200 kg of purified fusion protein for each injection .
Western hybridization and ELISA were performed as described (Frohlich et al ., 1989) . Anti-CDC48p antisera were diluted 1 :625-1 :1,250 for Western hybridization and 1:250-1 :500 for ELISA . A preliminary survey of filters stained by Western hybridization was conducted by using prestained molecular weight markers. For the calculation of molecular weights, unstained markers were applied to SDS-PAGE and stained with India ink (Hancock and Tsang, 1983) after their transfer to nitrocellulose. For immunofluorescence, cells were treated as described by Kilmartin and Adams (1984) with modifications. After application to polylysine coated slides, the samples were air dried instead of being treated with methanol/acetone . To visualize the microtubules, antibody YOLI/34 (Kilmartin et al ., 1982) , diluted 1:250, and affinity-purified FITC anti-rat IgG 1 :100 were applied . DNA was stained by a 1-min treatment with 1 l+g diaminophenylindole/ml .
The Laemmli system (1970) with a 6% acrylamide separation gel was used for SDS PAGE . Gels were stained with silver (Oakley et al ., 1980) for detection of total protein .
Cell Fractionation
Yeast cells were fractionated according to the protocol of Gasser (1983) . In some cases (mentioned specifically), protoplasts were shaken with an equal volume of glass beads on a Vortex laboratory shaker (Scientific Industries, Inc ., Bohemia, NY) for 20 s after homogenization with a Dounce homogenizer. The postmitochondrial supernatant was centrifuged at 49,000 g for 30 min (49 K pellet), the (49K) supernatant was centrifuged at 177,000 g for 90 min (177K pellet), the resulting (177K) supernatant was referred to as cytoplasm. The procedure of Ide and Saunders (1981) was used for the isolation of yeast nuclei .
Contamination was calculated as the ratio of the specific concentration (correlated to protein) of a marker molecule in a contaminated fraction to that of the fraction where it is expected to be found. 98% of the alcohol dehydrogenase (Bergmeyer, 1974) was found in the cytosol and 1% in the mitochondria . 97% of the DNA (determined by microfluorometry [Cesarone et al ., 1979] ) were found in the nuclei and 3% in the mitochondria . The contamination of the 49K and 177K pellets with both markers was <2% . Glass bead treatment did not alter these values markedly.
Rat livers were fractionated as described by Fleischer and Kervina (1974) , with the exception that the livers were perfused before cell disruption (Gebhardt and Jung, 1982) . The following marker molecules were used : lactate dehydrogenase for cytosol (Bergmeyer, 1974) , DNA for nuclei, succinate dehydrogenase for mitochondria (determined by reaction with 2-(p-iodophenyl)-3-p-nitrophenyl-5-phenyltetrazolium chloride ; Pennington, 1961) , and NADPH-cytochrome P-450 reductase for ER (Strobel and Dignam, 1978) . Contamination of other fractions was <5 % for lactate dehydrogenase, <7% for DNA, 12% for succinate dehydrogenase (in smooth ER), and <5 % for P-450 reductase with a sevenfold higher specific activity of the enzyme in smooth than in rough ER . The fractions of "heavy" and "light" microsomes both showed <3 % contamination with lactate dehydrogenase and succinate dehydrogenase, <5% of DNA, and 60% and 20%, respectively, of the P-450 reductase level of the smooth ER .
Frdhlich et al . CDC48p Member of Protein Superfamily Protein Purification
Protein was determined with the Bradford assay (Bradford, 1976) . Isolation buffer H consisted of 20 mM triethanolamine/hydrochloride pH 7.5, 1 mM EDTA, and 2 mM DTT.
Approximately 300 g of porcine liver were disrupted in buffer H containing 250 mM sucrose by homogenization with a 100 ml Potter-Elvehjem type tissue grinder. The homogenate was filtered through a cotton cloth and centrifuged at 1,000 g for 15 min . The resulting supernatant was centrifuged at 12,000 g for 15 min and 100,000 g for 60 min . 1 g Celite was added per 100 mg protein, and the suspension was stirred for 30 min . Ammonium sulfate was then added to 40% saturation . The resulting slurry was packed into a column (6-cm-diam) and eluted with a 600-ml linear gradient of 40 to 0% ammonium sulfate in buffer H . Fractions containing CDC48 crossreacting protein were pooled, dialyzed against buffer H, and applied to a DEAE Sephacel column (3 x 6 cm) . The protein was eluted with a 600-ml gradient of 0-500 mM NaCl in buffer H . Pooled fractions were dialyzed against 10 mM potassium phosphate buffer pH 7.5 containing 3 mM mercaptoethanol and applied to a hydroxyapatite column (2 x 15 cm) . The column was washed with an 80-ml pulse of 500 mM NaCl in phosphate buffer and eluted with a 10-250 mM potassium phosphate gradient . After dialysis against buffer H, the protein was concentrated fivefold by binding to and pulse elution from a 5-ml DEAE Sephacel column . The concentrated protein was applied to a 2 x 100 cm Sephacryl S 300 gel filtration column. For purposes of molecular weight determination with this column, 1 mg each of thyroglobulin, apoferritin, catalase, alcohol dehydrogenase, and cytochrome c was added per ml of the isolated protein . Yeast CDC48p was purified from 150 g of yeast strain DBY877 grown exponentially on YEPD using a modified version of the procedure described above . The modification consists of using 20 mM Tris/HCI pH7 .5 containing 1 mM EDTA and The supernatant was then centrifuged at 22,000 g for 15 min . After elution of the protein from the hydroxyapatite column, ammonium sulfate was added to 30% saturation . The resulting solution was applied to a phenyl sepharose column (2 x 10 cm), and eluted with a 300-ml gradient 30% ammonium sulfate/0% ethylene glycol to 0% ammonium sulfate/50% ethylene glycol in Tris buffer. The pooled fractions were concentrated and purified by gel chromatography as described above.
Results
Histological Investigation of the cdc48 Mutant cdc48-1 mutants were cell cycle arrested at 14°C for 14 h and stained with DAPI and fluorescein-labeled anti-tubulin antibody. In most cells, bundles of microtubules were detected protruding from an unseparated spindle pole body and spreading aberrantly throughout the cell . As a control, wild-type cells in the stage of nuclear division showed one short mitotic spindle inside the nucleus connecting separated spindle pole bodies (Fig . 1 ) .
, kbp Isolation and Characterization of the CDC48 Gene
The CDC48 gene was cloned from a yeast genomic library based on the vector YCp50 (Rose et al ., 1987) by complementation of the mutant cold sensitive phenotype . Seven clones gave plasmids with four different inserts (pRB543 to pRB546), all of which overlapped in a region of 5.8-kbp length (Fig . 2) . This region was subcloned by cutting plasmid pRB546 with XhoI and religation . The resulting construct pRB547 was of YRp type lacking the YCp50 CEN region and the URA3 gene. MiniTn10-LUK mutagenesis was applied for a more precise localization of the CDC48 gene on pRB547. The results have been published previously (Huisman et al ., 1987) . The range essential for gene function was mapped to a region of 2470 to 2590 by in size. Evaluation of the MiniTn10 coded /3-galactosidase activity determined the direction of transcription and indicated that gene expression should be very low.
Southern hybridization using an EcoRI 0.66-kbp fragment (Fig . 2, fragment A) localized at the beginning of the essen- F   3360  462  3480  502  3600  542  3720  582  3840  622  3960  662  4080  702  4200  742  4320 762 intron in ORF U is indicated by brackets, the corresponding consensus sequences (Langford et al ., 1984) are marked by dots . Likely CDC48 promoter sequences (Dobson et al ., 1982) are underlined, likely terminator consensus sequences (Bennetzen and Hall, 1982b ; Zaret and Sherman, 1982) are marked with dashes. These sequence data are available from EMBL/GenBank/DDBJ under accession number X56956 YEAST CDC 48 GENE . tial region of CDC48 as a probe showed that the gene is present in one copy per haploid genome . Hybridization of yeast chromosomes separated by orthogonal field agarose gel electrophoresis (OFAGE ; Olson, 1984, 1985 ; Schwartz and Cantor, 1984) mapped the gene to chromosome IV (data not shown) .
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Frdhlich et al . CDC48p Member of Protein Superfamily
The chromosomal copy of the CDC48 gene was disrupted (Rothstein, 1983 ; Shortle et al ., 1982) by integration of transposon Tn10-LUK or by replacement of an internal C1aI-fragment (Fig . 2, fragment B) with URA3. A fragment bearing CDC48: :Tn10-LUK or CDC48:: URA3, respectively, was transformed into diploid strain DBY5460, heterozygous for the cold sensitive cdc48-1 mutation, and replaced a chromosomal copy via homologous recombination. In both constructs, -50% of the Ura+ transformants had acquired a cold-sensitive phenotype, indicating a disruption of the CDC48 wild-type allele. The DNA was digested with PstI and hybridized with an EcoRI-HindIH fragment (Fig. 2 , fragment D) adjacent to, but not overlapping with the fragment used for the gene disruption . In both the cold sensitive and the non-cold-sensitive disruptant, the same additional band of expected size (2 .8 kbp) was labeled as compared with wild-type cells. This shows that the cloned gene is indeed CDC48and not an extragenic suppressor of cdc48-1. All viable spores of the disruptants were Ura and displayed the same temperature dependency of growth as their diploid progenitor. The spores carrying the disruption only proceeded
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DNA Sequence Analysis
A region of 6,485 by enclosing the CDC48 gene was sequenced from double stranded DNA using the chain termination method of Sanger et al . (1977; Fig . 3 a; Fig. 4) . A large region was sequenced to prevent the oversight of a potential upstream regulating sequence (Guarente, 1984) or other cell cycle genes in proximity, as described for CDC9 and CDC36 (Barker et al ., 1985) . An open reading frame of 2,505 bases was detected (Fig . 3 b) coding for a protein of 834 amino acids and with a molecular weight of 91,713 . The coding region corresponds exactly in size and position to the region essential for CDC48 function as determined by TWO-mutagenesis . The promoter region contains the typical consensus elements (Dobson et al ., 1982) , though with inconsistencies (GGCAACCC at -164 instead of GGPyCAATCT, ATATAT at -125 and TATTTAA at -109 instead of TATAT/AAT/A), implying weak gene expression . A potential gene containing an intron consensus sequence (Cellini et al ., 1986 ; Langford et al ., 1984 ) is located only 354 by upstream of CDC48, restricting the area for CDC48 upstream regulatory sequences. A Tn10 insertion located 30-50 by upstream of the CDC48 start codon did not abolish the ability of plasmid pRB547 to complement the cdc48-1 phenotype.
The CDC48 terminator showed the consensus sequences TAAAATAAG 188 by downstream from the stop codon (Bennetzen and Hall, 1982b) , and a T-rich region downstream from the stop codon (48 of 102 residues) followed by TAG (143 by downstream), TATGT (183 by downstream), an A-rich region (12 of 14 residues), and TTT (233 by downstream from the stop codon; Zaret and Sherman, 1982 ). An open reading frame downstream from and oriented inversely to CDC48 seems to use the same region for its termination . The reasonably high codon bias index (a measure for the bias toward codons homologous to the major yeast isoacceptor tRNA species and an indicator for the expression level of the gene, Bennetzen and Hall, 1982a) of both open reading frames bordering CDC48 (0.31 for the spliced ORF, 0.13 for the ORF downstream from CDC48) make them likely candidates for functional genes. A database search did not reveal significant similarity of either of these two to known genes.
Analysis of the CDC48 protein revealed no potential membrane spanning hydrophobic stretches or signal sequences for an import to the ER . Two perfect consensus sequences for nucleotide binding (Fry et al ., 1986 ; Gorbalenya and Koonin, 1989 ; M611er and Amons, 1985) were found, part of an internal duplication of ti 200 amino acids ( Fig . 5; Fig.  6 b) . Figure 6 . Protein sequence alignment of CDC48p, VCP, Sec18p, NSF, TBP-1, and Paslp. TBRl has been aligned to both copies of the region of similarity (A and B) . The nucleotide binding motifs (Gorbalenya and Koonin, 1989) are marked with a bracket. (a) Overview : The degree of identity is displayed using a grayscale. The portion of amino acid residues identical to CDC48p is calculated, starting at the amino terminus, within overlapping segments of 20 residues displaced from each other by one residue. Values <20% identity are displayed by white, values >80% by black. Between these thresholds, gray values equivalent to values of identity are displayed. (b) Detailed alignment: amino acids identical to CDC48p are boxed. A computer search of sequence databases yielded three proteins with a high degree of identity to CDC48p, namely VCP from pig (Koller and Brownstein, 1987) , Sec18 protein from yeast (Eakle et al., 1988) , and NSF (Beckers et al ., 1989; Diaz et al ., 1989) from chinese hamster. All of which proteins share the internal duplication and the two nucleotide binding domains . Three other related proteins, the Xenopus laevis analogue of VCP (Peters et al ., 1990) Pasl protein from yeast (Erdmann et al., 1991) , and human TBP-1 (Nelbock et al ., 1990), have been described recently.
VCP from pig shows a 69.5 % identity to the CDC48p over the whole length of the protein (Fig . 6) . VCP is a protein of 806 amino acids with a molecular weight of 88,660 and found in every tissue yet examined (e .g., adrenal cortex and medulla, ileum, cerebellum, heart, liver) . The Xenopus laevis analogue of VCP has been detected in the cytoplasm and in the nucleus of eggs as a homooligomer of about six subunits with a sedimentation constant of 14-15S (Peters et al ., 1990) .
The region of identity of Secl8p and NSF to the CDC48 protein covers the internal duplication containing the two potential nucleotide binding sites (degree of identity 33.8 for CDC48p/Secl8p and 34 .5 % for CDC48p/NSF in a range of 373 and 372 amino acids, respectively) . Identity is most pronounced in the first repeat (46.6% identity for CDC48p/ Secl8p and 47.7% for CDC48p/NSF in a range of 178 and 176 amino acids, respectively) . The amino-and carboxyterminal regions show no obvious similarities (Fig . 6) .
PAST is a yeast gene required for peroxisome assembly. The predicted protein sequence also contains the duplication and the nucleotide binding domain, though with a lower degree of conservation for the first and a higher for the second repeat . The identity is 52 .3 % of 109 amino acids compared to CDC48p in the region carboxy-terminal from the second nucleotide binding domain (amino acids 798-913 of Paslp, amino acids 588-696 of CDC48p), a region which shows very little homology between CDC48p and NSF/Secl8.
TBP-1 is a human protein localized mainly in the nucleus which interacts with the HIV tat gene product and suppresses its transactivating activity (Nelbock et al., 1990) . TBP-1 contains only one copy of the region which is duplicated in the other related proteins . It has an identity of42 .7 in 239 amino acids to the first copy, and 37.3 % in 252 amino acids to the second copy of the repeat in CDC48p. The region of homology extends to close to the carboxy terminus of TBP-1 .
Immunological Investigations and Intracellular Localization ofthe CDC48 Gene Product
To obtain antisera against CDC48 protein, different fragments of the CDC48 open reading frame were fused "in frame" with the E. coli trpE gene using the pATH vector system (Dieckmann and Tzagoloff, 1985) and expressed in E. coli. The different fusion proteins purified from SDS-PAGE gels were used to raise antisera in rabbits .
On immunoblots of yeast cell extracts, all antisera recognize a protein of an apparent molecular weight of approximately 115,000. The protein was present in exponentially growing and in stationary cells and appeared unchanged in cdc481 mutants incubated at 14°C for 14 h .
The CDC48 (CDC48 ORF-cassette ; Fig. 3 c) . The construct was cloned into yeast expression vector YEp52 (Broach et al., 1983) , a high copy number plasmid carrying the highly inducible and glucose repressible GAI10 promoter. The plasmid was transformed into a diploid strain carrying a CDC48: : URA3 disruption . After sporulation, haploid clones containing both the gene disruption and the plasmid could grow on minimal media containing 4% lactate or 4% galactose . No growth was observed with 4% glucose as the carbon source. The vector alone did not complement . Western hybridization shows that galactose grown cells contain higher levels of CDC48p than wild-type cells and lactate grown cells contain much lower levels . Thus, low levels of CDC48 protein seem to suffice for its function, while a high level has no deleterious effect on the cell. This dependency of the immunological signal on media conditions proves that the protein detected with the antisera is indeed the CDC48 gene product . In rat and porcine liver extracts, the antibodies strongly and specifically stained a protein with an apparent molecular weight of approximately 100,000 .
Immunofluorescence staining of yeast and porcine cells with the antisera resulted in only a weak background staining. This could be due to a specificity of the antibodies for CDC48 protein denaturated by SDS treatment or boiling. It may be the reason why the antisera did not precipitate CDC48 protein from cell extracts.
The CDC48 gene product appears to be much larger than expected from the DNA sequence data . Tunicamycin, an inhibitor of N-glycosylation, had no effect on the protein size. The CDC48ORF-cassette (Fig . 3 c) was expressed in E. coli using a bacteriophage T7-derived expression system (Tabor and Richardson, 1985) . The protein detected by Western hybridization was indistinguishable in size to the yeast protein .
Yeast and rat liver cells were fractionated by differential sedimentation and sucrose density gradient centrifugation. The fractions were characterized by their contents of marker molecules and tested for reaction with anti-CDC48p antibodies by immunoblotting (Fig . 7, a and b) .
In yeast spheroplasts lysed osmotically, CDC48p was found as a protein of 115 kD in a pellet obtained by centrifugation at 49,000 g for 30 min. The fraction of purified nuclei obtained by Ficoll gradient centrifugation shows a weak band of 104 kD in Western hybridization, which may correspond to a degradational fragment of CDC48p. The 177,000-g pellet and supernatant only contain traces of CDC48p. No CDC48p cross-reacting activity was found in the mitochondria .
If the spheroplasts are broken by shaking with glass beads for 20 s, most of the CDC48p is found in the 177,000-g supernatant, some in the 177,000-g pellet, and little in the 49,000-g pellet . The distribution of the compartment markers shows little change compared with osmotically lysed cells, indicating insignificant damage of the organelles .
In fractioned rat liver cells, no CDC48p cross-reacting activity is detected in the Golgi and plasma membrane fractions. Traces of a cross-reacting protein of 100 kD are found in the "light microsomal" fraction precipitated at 186,000 g, in the 186,000-g supernatant, and in isolated nuclei . Most of the 100-kD protein can be detected in the "heavy microsomes" prepared from a 51,000-g centrifugational pellet by sucrose gradient centrifugation . After combining the two microsomal fractions and their separation into smooth and rough endoplasmic reticulum, CDC48p is present in both fractions in similar concentration . In mitochondria, a crossreacting protein of 164 kD was detected whose relation to the other cross-reacting proteins was not further investigated .
If the rat liver is frozen before cell fractionation, most of the 100-kD protein cross-reacting with anti-CDC48p is found in the 186,000-g supernatant .
CDC48p was purified from yeast and its homologue from porcine liver using several chromatographic steps . The column eluates were tested for CDC48p by ELISA, the Fr6hlich et al . CDC48p Mentber of Protein Superfamily pooled fractions by immunoblotting . Several fractions, which showed a positive reaction in ELISA, did not contain CDC48p according to the Western hybridization. In the absence of components with free thiol groups in the media, the CDC48 protein tends to associate nonspecifically with other proteins, presumably by forming disulfide bonds. For the purification, 2 mM mercaptoethanol or DTT is added to all buffers .
Silver staining of the purified proteins following SDS PAGE showed no contaminating components . Gel filtration on Sephacryl S300 columns yields a molecular weight of 580-600 kD for the yeast CDC48p and 530-550 kDa for the corresponding rat protein .
Discussion
Mutations in the yeast cell division cycle gene, CDC48, lead to an arrest of cell division in the large budded state with an undivided nucleus and bundles of microtubules spreading throughout the cytoplasm and originating from an unseparated spindle pole body.
The chromosomal region containing the CDC48 gene was cloned and the gene localized . Gene disruption proved its essential role; spores containing the disruption underwent one, at most two more cell divisions and showed no cell growth.
Sequencing the region of the CDC48 gene revealed an open reading frame at the expected location . A database search with the amino acid sequence deduced from the DNA sequence revealed protein VCP from pig with a sequence identity of 69.5% over the full length of both proteins. We assume that CDC48p and VCP are functionally equivalent due to their high degree of homology.
Other relatives of CDC48p were found to be the secretory proteins Secl8p from yeast and NSF from chinese hamsters, and yeast Paslp, which is essential for peroxisome assembly. All of these proteins share a central region, which seems to have arisen by an internal sequence duplication, and which contains two nucleotide consensus sequences . The internal duplication is best conserved for CDC48p and VCR TBP-I appears to have separated from the other proteins before the duplication took place. It has, however, retained its high similarity.
Immunoblotting using an antibody against a fragment highly conserved between all of these proteins shows CDC48p to be far more abundant in the yeast cell than Secl8p or Paslp (Erdmann et al., 1991) . This is in accord with the different codon bias indexes (calculated as in Bennetzen and Hall, 1982a), an indicator for the level of gene expression : 0.41 for CDC48, 0.21 for SEC18, and 0.05 for PAST . The degree of expression of CDC48 necessary for cell proliferation appears to be low. As in SEC18 (Eakle et al ., 1988) , the lack of any promoter consensus upstream of the ORF still allows complementation of a corresponding mutant phenotype .
Inhibition by NEM, a reagent which blocks free thiol groups, has been described for NSF, Secl8p, and VCP from Xenopus laevis . Unexpectedly, no cysteine residue common to all of the related proteins could be located by sequence alignment . Another major difference between the functional subgroups can be derived from the amino acid composition of the amino-terminal regions which are not conserved between the subgroups . While CDC48p and VCP have a high content of charged amino acids, Secl8p, NSF, and Paslp have a lesser amount of these and compensate with noncharged hydrophilic amino acids (Fig . 8) . The portion of hydrophobic amino acids is very similar for all the related proteins . In addition, one acidic cluster immediately precedes the carboxy terminus of CDC48p and VCP These regions may be responsible for the binding to a specific target, while the central region containing the nucleotide binding site could be responsible for ensuing processes common to all the proteins of the multigene family . TBP-1 also shows a high amount of charged amino acids in the aminoterminus as in CDC48p and VCP (Fig . 8) . These amino acids may be involved in binding to nucleic acids and the tat protein .
Antibodies produced against fusion proteins from different E. coli trpE/CDC48 gene fusions recognize a yeast protein of 115 kD and a mammalian protein of 100 kD in a Western hybridization of SDS-PAGE gels, which we assume to be VCP. Peters et al. (1990) have described the detection of a yeast protein of -120 kD, probably CDC48p, by Western hybridization using antibodies against Xenopus VCP. Both CDC48p and VCP appeared to be much larger than expected from the DNA sequence data . Glycosylation and sequencing errors could be ruled out for CDC48p by tunicamycin treatment and the expression in E. coli of a shortened construct containing only 66 by of yeast DNA besides the CDC48 ORR Both experiments still show the apparently higher molecular weight of the protein in SDS electrophoresis . Both CDC48p and VCP contain clusters of charged amino acid residues in the amino-and carboxy-terminal region, which can lead to abnormal SDS binding (Kaufmann et al., 1984 ; Kleinschmidt et al., 1986 ; See and Jackowski, 1989) . The fusion proteins used for antibody production lack some or most of these highly charged regions and show smaller differences in molecular weight between the calculated and experimental SDS PAGE results (data not shown) . With the corrected values for the molecular weight of the subunit, the results of the gel filtration indicate a homohexameric composition for the native soluble form.
With cell fractionation, most of CDC48p and VCP could be sedimented by centrifugation at 50,000 g, corresponding to a microsomal fraction. When the yeast spheroplasts are
The Journal of Cell Biology, Volume 114, 1991 disrupted by shaking with glass beads, major amounts of CDC48p are found in the 177,000-g supernatant of centrifugation, while most of the cell organelles appear to be undamaged by this treatment . This finding makes the localization of CDC48p inside of vesicles unlikely. The protein appears to be loosely bound to vesicular structures or to a large protein complex .
The observation that the spindle pole body appears to be undivided and that the microtubules are localized abnormally in mutants of CDC48 may indicate a role for CDC48p in spindle pole proliferation . The relationship of CDC48p to Secl8p and NSF and the results of the cell fractionation experiments make a vesicle attachment appear likely. In different organisms, the centrosome is closely attached to specific vesicles or is itself based upon vesicles (Brinkley, 1985 ; Paweletz and Mazia, 1989) . These may be the targets of CDC48p action .
